A simple, straightforward, and reproducible strategy for the construction of a near-infrared (NIR) fluorescence nanoprobe was developed by coating CuInS 2 /ZnS quantum dots (CIS/ZnS QDs) with a novel amphiphilic bioconjugate. The amphiphilic bioconjugate with a tailor-designed structure of bovine serum albumin (BSA) as the hydrophilic segment and poly(ε-caprolactone) (PCL) as the hydrophobic part was fabricated by chemical coupling the hydrophobic polymer chain to BSA via the maleimide−sulfhydryl reaction. By incorporating CIS/ZnS QDs into the hydrophobic cores of the self-assembly of BSA-PCL conjugate, the constructed NIR fluorescence nanoprobe exhibited excellent fluorescent properties over a wide pH range (pH 3−10) and a good colloidal stability in PBS buffer (pH = 7.4) with or without 10% fetal bovine serum. The presence of the outer BSA shell effectively reduced the nonspecific cellular binding and imparted high biocompatibility and low-toxicity to the probe. Moreover, the NIR fluorescence nanoprobe could be functionalized by conjugating cyclic Arg-Gly-Asp (cRGD) peptide, and the decorated nanoprobe was shown to be highly selective for targeted integrin α v β 3 -overexpressed tumor cell imaging. The feasibility of the constructed NIR fluorescence probe in vivo application was further investigated and the results demonstrated its great potential for in vivo imaging. This developed protocol for phase transfer of the CIS/ZnS QDs was universal and applicable to other nanoparticles stabilized with hydrophobic ligands.
INTRODUCTION
Recently, nanoparticle-based near-infrared (NIR) fluorescence imaging has drawn much attention in noninvasive biological imaging due to its high sensitivity, high spatial resolution, deep tissue penetration, and less damage to biological samples. 1−6 In particular, CuInS 2 /ZnS quantum dots (CIS/ZnS QDs) have been considered to be potential candidates as they are not only cadmium-free but also provide high extinction coefficients and photoluminescence (PL) emission ranging from the visible to the NIR. 7−10 The cadmium-free element composition imparts CIS/ZnS QDs low toxicity and NIR emission leads to relatively deep tissues penetration. Despite the great advantages in the composition and the optical properties of CIS/ZnS QDs, some critical issues still remain to be addressed to construct the optimal fluorescence probes with CIS/ZnS QDs for in vitro and in vivo imaging. For example, the performed CIS/ZnS QDs via the classical organic-phase method are capped with hydrophobic alkyl ligands and are not soluble in aqueous solution, which significantly hampers their applications in biomedical fields. 11 In addition, how to reduce the nonspecific binding and enhance the targeted cell imaging is another challenge for CIS/ ZnS QDs to be applied to in vitro and in vivo imaging. 12, 13 Therefore, rational surface engineering and functionalization of CIS/ZnS QDs are of great significance. 14, 15 Until now, various strategies for surface modification of QDs have been developed. Among them, coating of QDs with amphiphilic polymers via hydrophobic interactions is considered to be a promising, relatively easy, and robust approach. 16−18 This approach does not perturb the original hydrophobic surface ligands of the QDs and leads to high photoluminescence after modification. However, amphiphilic polymers used to modify the CIS/ZnS QDs surface have been rarely reported, and the polymers reveal one or more limitations in their biocompatibility and their capacity in reducing nonspecific cellular binding. Bovine serum albumin (BSA), as a nonspecific binding blocking agent, is frequently used for engineering the surface of QDs, and it has been demonstrated that the BSA-coated QDs can effectively reduce the nonspecific cellular binding due to increasing the electrostatic repulsion and decreasing the hydrophobic interactions between QDs and cell membranes. 19−22 However, the reported BSA-coated CIS/ZnS QDs are prepared either through a relatively complicated process of covalent binding between BSA and the surface of QDs or replacing the original ligands of QDs via ligand exchange with loss of fluorescence. Therefore, there is still a high need to develop innovative materials for constructing NIR fluorescence probes with excellent fluorescent properties, good biocompatibility, and low nonspecific cellular binding simultaneously.
Herein, we present a simple, straightforward, and reproducible strategy for constructing a NIR fluorescence probe via surface engineering of CIS/ZnS QDs with a novel amphiphilic bioconjugate. This amphiphilic bioconjugate with a tailordesigned structure of BSA as the hydrophilic segment and poly(ε-caprolactone) (PCL) as the hydrophobic part was fabricated by chemical coupling the PCL chain to BSA via the maleimide−sulfhydryl reaction. This developed BSA-PCL conjugate displayed excellent biodegradability, good biocompatibility, and similar self-assembly behaviors to the traditional amphiphilic block copolymers and had been shown to selfassemble into nanosized micelles in the aqueous phase. 23 The NIR fluorescence probe was constructed via encapsulating the CIS/ZnS QDs into the core of the self-assembly of the BSA-PCL bioconjugate without perturbing the original hydrophobic surface ligands of the CIS/ZnS QDs, and consequently the probe exhibited excellent fluorescence properties and good colloidal stability. The presence of the BSA shell located in the outer layer could effectively reduce the nonspecific cellular binding of the probe and render high biocompatibility and lowtoxicity to the probe. This strategy merged the advantages of the modification methods with amphiphilic polymers and BSA. Further, targeted ligand, cyclic Arg-Gly-Asp (cRGD) peptide, was conjugated to the developed probe by utilizing the functional groups in the BSA, and the decorated probe was highly selective for targeted integrin α v β 3 -expressed cell imaging.
EXPERIMENTAL SECTION
2.1. Materials. CuInS 2 /ZnS quantum dots were synthesized as previously described. 24 Dithiothreitol (DTT) was purchased from Sigma-Aldrich (St. Louis, MO). BSA (lyophilized powder, A3294) was purchased from Sigma-Aldrich and used after further reduced treatment via DTT. N-(2-Hydroxyethyl) maleimide was synthesized as previously described, 23 and ε-caprolactone was obtained from Aldrich and used without further purification. N-(3-(Dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were obtained from GL Biochem (Shanghai) Ltd. Arg-Gly-Asp peptide (c(RGDfK)) was obtained from Dingguo Biotechnology Co. Ltd. (Beijing, China). All other chemicals were obtained from local suppliers and used as received.
2.2. Preparation of Amphiphilic BSA-PCL Conjugate. The coupling of the maleimide-functionalized PCL to the reduced BSA was performed in a DMF/water mixture (10/90, v/v) according to our previous reported method. 23 Briefly, maleimide-functionalized PCL-(Mal-PCL) was first synthesized by ring-opening polymerization (ROP) of ε-caprolactone in the presence of N-(2-hydroxyethyl)maleimide as an initiator and stannous octoate as a catalyst, and the molecular weight of it, as determined by GPC, was 3216 Da. The DMF solution of Mal-PCL (0.15 mM) was added to the reduced BSA in water (0.015 mM, 100 mM phosphate buffer, pH = 6.8, 2 mM EDTA, 150 mM NaCl). The reaction was allowed to proceed overnight, and the excess of reactants was removed by extensive dialysis against DMF and pure water for 48 h by a dialysis bag (MWCO = 35 000 Da). The powder of BSA-PCL conjugate was obtained by the freeze-drying procedure and was further purified via a Superdex 150 column eluting with 20 mM phosphate buffer (pH = 7.4).
2.3. Surface Modification of CIS/ZnS QDs with Amphiphilic BSA-PCL Conjugate. The hydrophobic dodecanethiol-capped CIS/ ZnS QDs were prepared in our group. 24 In this study, the prepared CIS/ZnS QDs were transferred into the aqueous phase successfully via encapsulating the CIS/ZnS QDs with BSA-PCL conjugate. In brief, 16 mg of BSA-PCL conjugates were dissolved in 4 mL of deionized water at room temperature and sonicated in a bath sonication for 10 min. During the ultrasonic treatment process, the 2 mL of preformed dichloromethane solutions containing CIS/ZnS QDs were slowly injected into the deionized water via a syringe. Dichloromethane was then evaporated with a vacuum rotary evaporator and finally, the QDs dispersed in aqueous phase were purified by centrifugation at 20 000g for 30 min and washed with deionized water three times to remove residual self-assembly of BSA-PCL. The constructed NIR fluorescence nanoprobe was kept at 4°C until further characterization was done.
2.4. Conjugation of the NIR Fluorescence Nanoprobe with cRGD Peptide. The NIR fluorescence nanoprobe decorated with targeting ligand was prepared via coupling cRGD peptide to the surface of the developed QDs utilizing carbodiimine chemistry. Typically, the NIR fluorescence nanoprobe solution was activated with EDC·HCl and NHS for 15 min at room temperature with a rolling incubator. Then cRGD peptide was added into the activated QDs solution and the mixture was continuously stirred for 3 h. The mixture solution was centrifuged at 20 000 rpm for 30 min and washing with deionized water three times, and the purified QDs solution was stored at 4°C for use.
2.5. Cellular Uptake and Targeting Image. U87 and HeLa cells were seeded into a small plate at a density of 1.0 × 10 5 cells per well and incubated in 3 mL of DMEM containing 10% FBS at 37°C in the incubator for 24 h. Then 100.0 μL of NIR fluorescence nanoprobe solutions and cRGD-decorated NIR fluorescence nanoprobe solutions were added to the wells. After the cells had been incubated for 2 h, the cells were washed three times with PBS buffer and then fixed with 4% paraformaldehyde for 15 min. Finally, the fixed cells were incubated with 300 μL of DAPI solution (10 μg/mL) for 15 min at 37°C for nucleus staining. The cells were washed three times with PBS buffer and observed by confocal laser scanning microscopy (CLSM) (Leica MicrosystemsGmbH, TCS SP 2).
Cellular binding and uptake of BSA-PCL conjugate coated CIS/ZnS QDs and cRGD-BSA-PCL conjugate coated CIS/ZnS QDs were further evaluated by flow cytometry. U87 and HeLa cells were seeded into a small plate at a density of 1.0 × 10 5 cells per well and cultured with Dulbecco's modified Eagle's medium (DMEM, containing 10% fetal bovine serum, 1% penicillin, and 1% streptomycin) in the incubator under a 5% CO 2 atmosphere at 37°C for 24 h. Then, 100.0 μL of BSA-PCL conjugate coated CIS/ZnS QDs solutions and cRGD-BSA-PCL conjugate coated CIS/ZnS QDs solutions were added to the wells. After incubation for 2 h, cells were washed three times with PBS buffer and harvested. The analysis was examined by a flow cytometer on an FACSCalibur (BD Biosciences).
2.6. In Vitro Cytotoxicity. The MTT assay was used to assess the cytotoxicity of the blank micelle formed by the self-assembly of the BSA-PCL conjugate and the formed BSA-PCL conjugate coated CIS/ ZnS QDs. In brief, U87 and HeLa cells were seeded in 96-well microplates at a density of 5 × 10 3 cells/well and cultured with Dulbecco's modified Eagle's medium (DMEM, containing 10% fetal bovine serum, 1% penicillin, and 1% streptomycin) in the incubator under a 5% CO 2 atmosphere at 37°C for 24 h. Then, 100.0 μL of medium containing different blank micelle solutions and BSA-PCL conjugate coated CIS/ZnS QDs solutions were added to the wells, and 100 μL of medium was added to the wells containing control cells. The cells were further incubated for 24 h, and the MTT solution (5 mg/ mL in water) was added to the wells (20 μL/well). After being incubated at 37°C for 4 h, the medium was replaced with 200 μL of DMSO. The 96-well microplate was shaken with a shaking table for 10 min to dissolve the blue formazan precipitates, and the UV absorption of formazan at 490 nm was measured using a microplate reader. The cell survival rate was then calculated from the microplate reader of cells relative to that of nontreated cells.
2.7. In Vivo Fluorescence Imaging. All animal experiments were performed in compliance with the UK Home Office Code of Practice for the Housing and Care of Animals Used in Scientific Procedures. Five-week-old normal female CD-1 nude mice (Charles River Laboratories, U.K.) were used in this study. The mice were feed only with water for 12 h before injection of QDs to minimize food fluorescence. Then 200 μL of BSA-PCL conjugate coated CIS/ZnS QDs solution containing 100 μg of CIS/ZnS QDs were injected intravenously via the tail vein, and subsequently whole body images were performed with the Maestro In-Vivo Imaging System and analyzed at various time points.
2.8. Characterization. 1 H NMR spectra of PCL were obtained using a Varian Inova-500 MHz instrument (Varian Inc., Palo Alto, CA) with CDCl 3 as the solvent and TMS as an internal standard. The average molecular weight of PCL and the polydispersity index (PDI) of the polymer were confirmed using a Waters 1515 gel permeation chromatograph (GPC, Waters Co.), and polystyrene with a narrow molecular weight distribution was the calibration standard. The elution phase was THF at a flow rate of 1.0 mL/min. Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF MS, Autoflex TOF/TOFIII, Bruker Daltonics Inc.) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were employed to determine the molecular weights of BSA and the BSA-PCL conjugate. The PL spectra of QDs before and after the modification were acquired by using a Gangdong F-280 spectrofluorometer, and the quantum yields (QYs) were estimated by comparison of the integrated fluorescence intensity with standard Rhodamin 6G (95% in ethanol) solutions with the same optical density (0.05−0.1) at the excitation wavelength (470 nm). Transmission electron microscopy (TEM) images were performed on a JEOL-100CXII instrument in bright-field mode with an operating voltage of 100 kV, and the high-resolution TEM images were taken on Tecnai G2 F20 instrument operated at 200 kV. The solutions of selfassembled BSA-PCL conjugates (2.0 mg/mL) were dropped onto a carbon-coated copper grid and allowed to dry in air at room temperature, and the hydrophobic QDs sample was dropped onto a carbon-coated nickel grid in the hexanes and dried at ambient temperature. The size, PDI, and surface charge of the self-assembly of BSA-PCL conjugate, BSA-PCL conjugate coated CIS/ZnS QDs, and cRGD-decorated BSA-PCL conjugate coated CIS/ZnS QDs were determined by DLS using a Brookhaven Zetasizer (Brookhaven Instruments Ltd.) at 25°C.
RESULTS AND DISCUSSION
3.1. Preparation of Amphiphilic BSA-PCL Conjugate and the Construction of the NIR Fluorescence Nanoprobe. The schematic illustration of the preparation process of amphiphilic BSA-PCL conjugate was shown in Figure 1a . Amphiphilic protein-polymer conjugates represent promising candidates for efficient drug and imaging agent delivery due to meeting requirements such as low cytotoxicity, low immunogenicity, good biocompatibility, and ability to functionalize. 25−30 In this study, a hydrophobic Mal-PCL polymer was synthesized and employed to covalently link to BSA to prepare the BSA-PCL conjugate (the chemical structure and the molecular weight of the Mal-PCL is demonstrated in Figures S1 and S2 and Table S1 of the Supporting Information) and the molecular weights of the obtained BSA-PCL conjugate and native BSA were measured by MALDI-TOF MS and SDS-PAGE. As shown in Figure 1b ,c, the molecular weights of native BSA and BSA-PCL conjugate were determined to be 66 788 and 70 750 Da, respectively. This demonstrated that the synthetic PCL was successfully conjugated to BSA. The CMC of the performed amphiphilic BSA-PCL conjugate was determined as about 17.43 mg/L using pyrene as a hydrophobic probe (Figure 1d ,e) and the obtained BSA-PCL conjugate could self-assemble into a nanosized micelle in the aqueous phase (Figure 2b) .
Hydrophobic CIS/ZnS QDs capped with dodecanethiol (DDT) were prepared following our previous protocols, 24 and the TEM image of the QDs was shown in Figure 2a . From the image, it could be seen that the synthesized QDs displayed clear lattice planes and good crystallinity with diameters of ∼3 nm. The phase transfer of CIS/ZnS QDs was achieved successfully via encapsulating the QDs into the core of the 
Scheme 1. Construction of the NIR Fluorescence Nanoprobe with Amphiphilic BSA-PCL Conjugate and CIS/ZnS QDs
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Research Article micelle which was formed by the self-assembly of the performed BSA-PCL bioconjugate. The protocol for phase transfer was shown in Scheme 1. In brief, during the ultrasonic treatment process, dichloromethane solutions containing CIS/ ZnS QDs were slowly injected via syringe into the BSA-PCL conjugate solution with 4 mg/mL. Upon injection, organic solvent was evaporated with a vacuum rotary evaporator and the BSA-PCL conjugate coated CIS/ZnS QDs solution was obtained. Finally, the QDs dispersed in the aqueous phase were purified by centrifugation at 20 000g for 30 min and washing with deionized water three times to remove residual from the blank self-assembly of the BSA-PCL conjugate. Figure 2b ,c showed the morphologies of the micelle formed from the selfassembly of BSA-PCL conjugate without CIS/ZnS QDs and the BSA-PCL conjugate coated CIS/ZnS QDs nanoprobe, respectively. Also it was observed that there was an obvious contrast change after the incorporation of the CIS/ZnS QDs. The magnified high-resolution TEM image further verified the incorporation of the CIS/ZnS QDs and showed multiple QDs were encapsulated into each micelle (Figure 2d ). The hydrodynamic size and size distribution of the blank micelle and the BSA-PCL conjugate coated CIS/ZnS QDs nanoprobe were determined by DLS in an aqueous environment ( Figure  2e ). The DLS results showed a hydrodynamic diameter of 128.9 ± 1.4 nm for BSA-PCL conjugate coated CIS/ZnS QDs (dispersity index of 0.132). The diameter determined by TEM observations was smaller than those from DLS measurement, which was because the BSA-PCL conjugate coatings shrinked substantially upon drying. 31 Besides, the surface charges of the obtained blank self-assemble of bioblock BSA-PCL conjugate, the NIR fluorescence nanoprobe and the cRGD-decorated NIR fluorescence nanoprobe were measured. As shown in Figure 2f , the zeta potential values of the blank self-assembly of BSA-PCL conjugate and BSA-PCL@CIS QDs nanoprobe were −25.11 ± 1.37 mV and −24.98 ± 2.25 mV, respectively. Also, only a little change occurred when the BSA-PCL@CIS QDs nanoprobe was further decorated with cRGD, which was probably due to the introduction of cRGD on the surface of QDs. The cRGDdecorated QDs nanoprobe had a zeta potential of about −20.12 ± 1.56 mV. The mechanism of encapsulation for CIS/ZnS QDs with BSA-PCL conjugate was considered to be hydrophobic interactions between the surface ligands of the CIS/ZnS QDs and the hydrophobic parts of the micelle. To further verify the mechanism of the phase transfer, oleic acid (OA)-capped hydrophobic Fe 3 O 4 magnetic nanoparticles were used to be modified with the BSA-PCL conjugate in the same way and quite similar phase transfer behaviors were found with the same modification approach ( Figure S3 of the Supporting Information), demonstrating that this phase transfer method utilizing the amphiphilic BSA-PCL conjugate was universal and applicable to other nanoparticle stabilized with hydrophobic ligands.
3.2. Fluorescence Performance and Stability of the Constructed NIR Fluorescence Nanoprobe. The excellent fluorescence performances of fluorescent nanoprobes are crucially important for their applications. 32 In this study, CIS/ZnS QDs with emission wavelength in 680 nm was used to construct NIR-emitted nanoprobe with the tailor-designed amphiphilic BSA-PCL conjugate. The fluorescence emission spectra and UV absorption spectra of CIS/ZnS QDs before and after the phase transfer were shown in Figure 3 . The emission wavelength of CIS/ZnS QDs coated with BSA-PCL conjugate in the aqueous phase was 705 nm and revealed a slight bathochromic shift relative to the as-synthesized CIS/ZnS QDs in dichloromethane, and the reason may be multiple encapsulation of QDs into one nanoparticle. The quantum yield (QY) of the constructed nanoprobe decreased slightly from ∼13.87% in dichloromethane to ∼10.37% on average in water.
The fluorescence stability of the nanoprobe is of particular importance for in vitro and in vivo imaging. 33, 34 It was demonstrated that there was a prominent pH shift during cellular uptake of the fluorescence nanoprobe from blood or extracellular spaces (pH 7.2−7.4) to the various intracellular compartments (pH 4.0−6.5), 35−37 and the fluorescence might decay drastically upon the condition of a low pH value. Considering the various pH gradient in the living body, the fluorescence stability of the BSA-PCL conjugate coated CIS/ ZnS QDs was tested over a wide pH range (pH 3−10), and the results were shown in Figure 4a ,b. According to the results, there was no obvious change in the fluorescence intensity, which was attributed to synergy between the retention of the original ligands of the QDs and the tightly packed BSA-PCL conjugate on the surface of the QDs. In addition, we found that the constructed nanoprobe was stable and the fluorescence intensities, the hydrodynamic diameters, zeta potentials, and polydispersity indexes (PDI) of the NIR fluorescence nanoprobe were little or not changed by the monitoring of the nanoprobe stored in PBS buffer with or without 10% fetal bovine serum (FBS) at 37°C for 4 weeks, as shown in Figure  S4 and Figure 4c−f. The excellent colloidal stability in PBS buffer with or without 10% FBS benefited from the protection of BSA which was on the outer surface of the nanoprobe, and the BSA shell could effectively reduce protein adsorption and consequently prevented the aggregation of the nanoprobe.
3.3. Targeted Cellular Imaging of the NIR Fluorescence Nanoprobe. BSA, as a nonspecific binding blocking agent, is frequently used for engineering the surface of QDs in biological detection and imaging. It has been demonstrated that the BSA-coated QDs could effectively reduce the nonspecific cellular binding due to increasing the electrostatic repulsion between QDs and cell membranes and decreasing the hydrophobic interactions between the ligands of QDs and lipids on the cell membranes, consequently reducing the nonspecific cellular imaging. In our study, we incubated the BSA-PCL conjugate coated nanoprobe with U87 and HeLa cells and observed cellular imaging using CLSM. As shown in Figure 5a ,c and Figure S5a ,c, the nanoprobe displayed weak fluorescence in the cells which showed a few nanoprobes were internalized by the U87 and HeLa cells. To enhance the targeting ability of the nanoprobe, cRGD as a targeting ligand was linked to the periphery of the BSA-PCL conjugate coated QDs via carbodiimine chemistry, and the cellular internalization of cRGD-decorated nanoprobe was evaluated. From the images (Figure 5b,d and Figure S5b,d) , we could see that the cRGDdecorated BSA-PCL conjugate coated QDs was significantly internalized and exhibited the strong fluorescence in two kinds of tumor cells. The flow cytometry results further verified these findings. The cell uptakes of the nanoprobe were enhanced after decoration with cRGD due to the high binding affinity of the peptide of cRGD with overexpressed integrin α v β 3 located in cell membranes of U87 and HeLa cells. 38−41 These cellular imaging data indicate BSA-PCL conjugate coated QDs has low nonspecific adsorption to the cells and the decorated nanoprobe with cRGD can actively target to the integrin α v β 3 -overexpressed cells.
3.4. In Vitro Cytotoxicity of the NIR Fluorescence Nanoprobe. We assessed the cytotoxicity of the pure amphiphilic BSA-PCL conjugate and the constructed CIS/ ZnS nanoprobe in both U87 and HeLa cells by the MTT assay to evaluate their biocompatibility. Figure 6 showed the viability of cells after incubation with the blank self-assembly of the amphiphilic BSA-PCL conjugate and the NIR fluorescence nanoprobe for 24 h. The results exhibited that no obvious cytotoxicity was observed for the pure amphiphilic BSA-PCL conjugate and the constructed CIS/ZnS nanoprobe even with a concentration as high as 400 μg/mL. The previous studies have demonstrated that surface modification of QDs is very important to reduce toxicity and in particular, coating with BSA could provide protection from photooxidation and improve the biocompatibility of QDs. 15, 42 In our study, the tailor-designed amphiphilic BSA-PCL conjugate has been proven to have good biocompatibility and a high degree of safety, 21 and surface engineering of CIS/ZnS QDs with the prepared BSA-PCL conjugate imparts good biocompatibility to QDs. Building on the above-mentioned MTT results, it can be deduced that the constructed CIS/ZnS nanoprobe is highly biocompatible and nontoxic to the living cells.
3.5. In Vivo Imaging. Finally, we investigated the feasibility of the constructed NIR fluorescence nanoprobe for in vivo imaging. A volume of 200 μL of the NIR fluorescence nanoprobe solution containing 100 μg CIS/ZnS QDs were injected intravenously via the tail vein into a 5-week-old normal female nude mice and that in the control group underwent the same way of injection with physiological saline simultaneously. Subsequently, whole body images were carried out and analyzed at various time points though Maestro In-Vivo Imaging System. As shown in Figure S6a , only a little of the fluorescent signals were observed in liver at 10 min after intravenous injection. The fluorescent signals in liver gradually increased with time elapsing, and at 1 h post injection intense fluorescent signals were observed in the liver. In vivo imaging at 3 and 5 h clearly showed the fluorescent signals was enhanced in the spleen. As shown with in vivo imaging, the fluorescent signals were mainly observed in the liver and spleen due to the capture of QDs by the reticuloendothelial system (RES). The fluorescent signals were observed very little in the whole body in the control group. After the observation of 5 h, the mice were sacrificed to investigate the ex vivo biodistribution. The major organs were collected for fluorescence imaging and ROI analysis with the assistance of imaging software, shown in Figure S6b ,c. In accordance with the ex vivo imaging, the ROI analysis result further confirms the accumulation of QDs in liver and spleen. The results demonstrate the NIR fluorescence nanoprobe can be used for in vivo imaging, and our next step is to investigate the tumor targeting capability of in vivo imaging and supersession of the constructed nanoprobe in tumorbearing nude mice.
CONCLUSIONS
In conclusion, we have developed a simple, straightforward, and reproducible method for direct fabrication of the NIR fluorescence nanoprobe by coating CIS/ZnS QDs with a novel amphiphilic BSA-PCL bioconjugate for fluorescence imaging. This bioconjugate with a tailor-designed structure of BSA as the hydrophilic segment and PCL as the hydrophobic part was prepared by chemically coupling the hydrophobic maleimide-functionalized PCL chain to BSA via the maleimide−sulfhydryl reaction. The developed NIR fluorescence nanoprobe exhibited excellent fluorescent properties, good colloidal stability in PBS buffer (pH = 7.4) and PBS buffer (pH = 7.4) with 10% FBS, and high biocompatibility and nontoxicity to the living cells. More importantly, the constructed NIR fluorescence nanoprobe showed reduced nonspecific cellular imaging due to the protection of BSA which was on the outer surface of the nanoprobe, and the cRGDdecorated nanoprobe can be readily taken up by the tumor cells used for targeted tumor cells imaging. Finally, the feasibility of the NIR fluorescence nanoprobe is verified by in vivo imaging. This approach for the construction of the NIR fluorescence nanoprobe with a novel amphiphilic bioconjugate will find wide application in the preparation of multimodality imaging agents and versatile theranostics. *E-mail: tuyu@suda.edu.cn. Phone: +86-0512-65882615. Fax: +86-0512-65884830.
